fitting of these data to a functional relation revealed a transmembrane potential-dependent component of parameters E and U to be -0.479 and -0.374 kcal/mol, respectively. It is proposed that for fatty acid influx a protonated fatty acid form is preferred that consists of a Na+ complex with the mesomeric form of nondissociated fatty acid from which Na+ and H' are released during collision with the carrier. (Circ Res. 1994; 74:1-13.)
data to a functional relation, developed in this study, revealed fatty acid influx to be a temperature-dependent saturable process corresponding to a Michaelis-Menten constant (K.) at 370C of 0.26±0.084 ,umol/g, a maximal fatty acid influx velocity (Vm.) at 37°C of 0.28±0.045 gumol/g per minute, activation energy for fatty acid binding to the putative carrier (E) of 23.8±5.6 kcal/mol, and a free energy for conformational change of the carrier (U) of 10.9±8.0 kcal/mol. In short-term cultured hepatocytes, K. increased in the absence of Na+ from P 5 lasma nonesterified fatty acids (FAs) are transported to the myocardial tissue in the circulation bound to albumin. However, cells do not appear to internalize albumin at a significant rate. 12 The conventional theory of the sequestration of protein-bound ligands assumes that only the unbound ligand participates in the uptake process. Since the unbound fraction of ligand is very small when compared with the uptake of ligand, the conventional theory assumes that the bound fraction equilibrates virtually instantaneously with the unbound fraction. [3] [4] [5] This assumption has been the cause of much confusion and uncertainty. Recent studies4,5 have suggested that (1) the rate of FA dissociation from the albumin molecule is sufficient to cover the tissue uptake, (2) at physiological plasma albumin concentrations the conventional model is applicable, and (3) at physiological plasma albumin concentrations the rate of FA transport correlates also with the albumin-bound concentration. Therefore, the FA dissociation from albumin was not thought to be a rate-limiting step.
On the other hand, it has to be considered that Sorrentino et a14 derived this hypothesis on the basis of experiments performed with suspended cardiac myocytes in a much larger "plasma" volume than cardiac cells in vivo. Since the dissociation rate is proportional to the available volume of distribution (concentration of substrate in the medium), it could be argued that the dissociation rate per myocyte is much smaller in the heart than in isolated cell suspensions and thus more likely to be rate limiting. Moreover, there were arguments that, at least at low FA to albumin molar ratios, dissociation may remain partially rate limiting within the unstirred water layer adjacent to the plasma membrane. [6] [7] [8] Our hypothesis that not the dissociation from albumin but membrane transport is rate limiting to myocardial removal was derived from more physiological kinetic studies in which relatively high plasma albumin concentrations with higher FA to albumin molar ratios (more rapid dissociation rates) were used.9
Those data did not support the hypothesis that uptake is the result of a reaction in the extracellular space or in the unstirred water layer.9 Instead, it was shown that FA influx into myocardial tissue reveals criteria of a reaction at the capillary surface in the vicinity of flowing plasma.9 FA influx into normal myocardium was a saturable process characterized by a MichaelisMenten constant (Kin) and a maximal uptake velocity (Vma) of 0.24±0.024 ,umol/g and 0.37±0.013 ,tmol/ (g -min), respectively.
These studies9 also indicated that in rat endothelial cell plasma membranes a specific 40-kD FA binding protein is present that corresponds closely to the immunologically cross-reacting 40-kD protein with high affinity for a variety of long-chain FAs, which was isolated dium and to analyze the effects of sodium on hepatocellular FA uptake. For this, the myocardial FA influx kinetics were studied in patients with coronary artery disease during the cooling phase of cardiopulmonary bypass (CPB) procedure, and initial FA uptake was determined in short-term cultured hepatic cells in the presence and absence of Na+.
Materials and Methods In Vitro Studies
Cultured rat hepatocytes. As described previously," rat hepatocytes were prepared by the procedure of Berry and Friend'2 using a calcium-free buffer containing (mmol/L) NaCI, 140; KCl, 5; MgS04 7H20, 0.8; KH2PO4, 0.4; Na2HPO4. 12H20, 0.3; glucose, 5; and HEPES, 5; oxygenated for 5 minutes with 100% 2 (pH 7.4, 37°C) as perfusion medium. The cell suspension of hepatic parenchymal cells (viability, >90%) was washed and resuspended in culture medium consisting of RPMI 1640 (Biochrom, Berlin, Germany), 10% heat-inactivated fetal calf serum (Boehringer Mannheim, Mannheim, Germany), 25 mmol/L HEPES, 1.7 mmol/L CaCI2, 5 ,ug/mL bovine insulin (Sigma Chemical Co, St Louis, Mo), 100 U/mL penicillin, and 0.1 mg/mL streptomycin (Gibco-BAL, Karlsruhe, Germany). Hepatocytes (2x 106) were then plated on 60-mm Falcon culture dishes (BectonDickinson, Heidelberg, Germany) and maintained in a 5% CO2 atmosphere at 37°C for 16 hours. After 1 hour in culture, the medium was changed. At the time of experiments (16 hours in culture), the medium was removed, and the adherent hepatocytes were washed in Dulbecco's phosphate-buffered saline (PBS) at pH 7.4 (Biochrom) or corresponding Na+-free choline buffer (0.136 mol/L choline chloride, 2.6 mmol/L KCl, 1.5 mmol/L KH2PO4, 8.1 mmol/L K2P04, 0.5 mmol/L MgC12* 6H20, and 0.9 mmol/L CaCl2). Cell viability was tested again.
Uptake studies.
[3H]Oleic acid (2 to 10 mCi/mmol, 99% radiochemically pure, New England Nuclear, Boston, Mass) was mixed with various known quantities of nonradioactive oleate (Sigma) in chloroform, dried under a N2 gas stream, and dissolved in either 0.2 mL of 0.1N NaOH or 0.2 mL of 0.1 mol/L KOH at 37°C. Defatted bovine serum albumin (fraction V, Sigma) dissolved in Dulbecco's PBS or corresponding Na+-free choline buffer (pH 7.4) was added to the oleate/ NaOH or the oleate/KOH solution to obtain the desired oleate to albumin molar ratio (albumin constant, 173 jumol/L). In freshly prepared [3H]oleate/albumin solutions, the concentration of unbound oleate was calculated by the stepwise equilibrium constant method of Wosilait and Nagy'3 using the dissociation constants for the oleate-albumin complex reported by Spector et al.14 After adjusting the temperature to 37°C, 3 mL of the oleate/albumin solution was added to the cultured hepatocytes. After incubation, the medium was promptly removed, and 5 mL of ice-cold 200 ,umol/L phloretin and 0.1% albumin in Na+-containing PBS or Na+-free choline buffer (pH 7.4) (stop/chase solution) was added. The stop/ chase solution was discharged after 5 minutes, and the dishes were washed by dipping them six times in two 2000-mL beakers containing ice-cold (3°C) Dulbecco's PBS or the choline buffer (pH 7.4). Thereafter, 1 mL of 2 mol/L NaOH was added, and aliquots of the evenly dispersed cell extract were used for protein" and radioactivity determination. Radioactivity was determined after the addition of 10 mL Aquasol in a 1217 Rackbeta liquid scintillation counter (LKBWallac, Turku, Finland) at a counting efficiency of 92%. As described previously," by incubation of short-term cultured hepatocytes with [3H]oleate/albumin (1:1), the slope of the cumulative uptake curve is maximal and linear over the first 30 seconds. This uptake component was shown to be independent of cellular FA metabolism (after 30 seconds, 94.1+4.2% of the cell-associated [3H]oleate concentration was present in the unesterified form). Therefore, the slope of the cumulative uptake curve over the first 30-second period was taken to be the initial uptake rate (V,) and to represent cellular influx.
Clinical Studies
In 15 patients scheduled for aortocoronary bypass surgery, the FA influx rate of endogeneous nonradioactive FAs was studied during the cooling phase of CPB. None of the patients in the present study had a clinical history of cardiac decompensation. The patients with unstable angina just before surgery were excluded. In all patients, every medication was stopped at least 2 days before the operation. Before surgery, patients were premedicated with 2 mg lormetazepam per os and 1.5 mg/kg body wt morphine intramuscularly.
Anesthesia was induced with etomidate (0.3 to 0.5 mg/kg IV) and fentanyl (0.006 to 0.009 mg/kg IV). Vecuronium (0.1 mg/kg IV) was used to provide muscle relaxation. After intubation, 50% nitrous oxide in oxygen with up to 3 vol% enflurane was used for anesthesia and ventilation. The enflurane given during CPB ranged from 0.6 to 0.8 vol%. '5 Median sternopericardiotomy was performed, and CPB was initiated after cannulating the ascending aorta and the right atrium. A pulsatile CPB was used. After the start of CPB, at normothermic conditions, the blood was removed from the right atrium, the coronary suction catheter was positioned toward the coronary sinus ostium, and blood samples were taken. Subsequently, the core temperature was reduced to 250 to 26°C (rectal) and 24°to 25°C (nasopharyngeal). For this purpose, the blood temperature was reduced to 20°C by means of a heat exchanger (TMO, Miniprime adult, Baxter). During this period, three samples of arterial blood (arterial side of the oxygenator) and venous blood (coronary sinus) were taken. During the whole period of pulsatile perfusion, the systemic arterial pressure was maintained at 60 + 10 mm Hg. The amplitude was regulated to 30±5 mm Hg. The pulsatile pump was triggered by the patient's own ECG to provide the physiological perfusion conditions in the myocardium. The average pulse rate was 70±5 beats per minute. A new double-pump system was applied to minimize the hemolytic effects. In this system, the first (nonpulsatile) pump was inserted between the venous drainage and the membrane oxygenator (TMO-HP, Baxter), and the second (pulsatile) pump was inserted between the oxygenator and the arterial cannula in the ascending aorta. The systemic perfusion flow rate was 2. (min. 100 g), which is 70% of the perfusion in a normal working nonvented heart under basal conditions [88 mL/ (min. 100 g) '8,19] and is sufficient to cover the metabolic needs of the vented heart without any significant change at moderate myocardial hypothermia.'6 The hemodilution was monitored at regular intervals and established at hematocrit values of 30±2% during the whole CPB period.
For determination of the endogenous FA concentration in plasma, an enzymatic colorimetric method (NEFA C kit, Wako Chemicals, Neuss, Germany) was used. FA uptake was determined from concentration differences in the arterial cannula and the venous effluent (see "Clinical Studies").
Albumin a fixed concentration of defatted albumin (173 umol/L), providing molar ratios of oleate to albumin of 0.5:1, 1:1, 2:1, and 4:1. The initial FA uptake rate V0 was determined in 16 short-term cultured hepatocyte samples in the presence and absence of Na+ in the incubation medium. The data obtained in this study are summarized in Tables  1 and 2 . In all cases, V0 was observed to be higher in presence of Na+ than in its absence. The decrease of V0 in the absence of Na+ is significant (the P value of the sign test is [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [P<.0001]). When V0 was plotted as a function of the calculated unbound oleate concentration in the incubation medium (48 to 4000 nmol/L), saturation of uptake with increasing concentrations of unbound oleate was observed (see Fig 1 and Table 1 ). Fitting the data of Table 2 to the functional relation20 revealed the apparent Km and Vms,, in the presence of Na+ to be 171±48 nmol/L and 1063 ±96 pmol/(min * mg protein), respectively (Figs 1 and 2). The mean residual sum of squares was 26 000. When uptake was studied in the absence of Na+ by replacement of Na+ in the medium with choline chloride, the influx of [3H]oleate was significantly decreased. In this case, the fitting of the data to the functional relation20 revealed a depression of Vmn to 847+68 pmol/(min * mg protein) and an increase of Km to 301±71 nmol/L. The mean residual sum of squares in this case was 9600.
The effects of temperature on the myocardial FA influx were studied in patients undergoing CPB surgery. The measurements were performed during the cooling phase of the CPB at different myocardial temperatures. The use of a pulsatile pump triggered by the patient's own ECG provided physiological perfusion conditions in the myocardium. During the whole examination period, the systemic perfusion flow rate was kept constant. The lactate plasma concentration differences (aortic root-coronary sinus, 1.74±+1.8 mg/dL) were positive during the whole collection period. The arteriovenous oxygen difference reflected a 34.7+8% lower oxygen demand of vented myocardium. The glucose extraction fraction during the whole collection period was within 5.94+2.58% of the normal range. The data indicate that at no time interval during the examination period was the myocardium ischemic. The average albumin plasma concentration was 2098±+537 mg/dL. This low value of albumin plasma concentration was due to hemodilution occurring during the CPB procedure. The hematocrit was 30+2%. The myocardial temperature ranged in this study between 370 and 25°C. The data obtained in this study are summarized in Table 3 . BSA indicates bovine serum albumin.
In Fig 3 , the FA uptake rates resulting from Table 3 For quantitative analysis of these data, it was necessary to develop a model describing the transport of FA from plasma across the capillary endothelial cell membrane on a molecular level. We based our model on two principal assumptions: (1) the FA transport into myocardium is a carrier-facilitated process mediated by a carrier that is localized in the endothelial cell membrane,349l10 and (2) for the reaction of two molecules, the collision between the reaction partners is necessary. Law26, 27 indicates that the fraction of molecules, which at a given temperature (T) have at least the energy (E) necessary for a reaction, is proportional to the term (4) e-/RT where R is the gas constant (R= 1.98 cal * mol-'* deg-, where cal is calories and deg is degrees kelvin), E is the activation energy (in calories per mole), and T is the absolute temperature (in degrees Kelvin). This means that the probability of a collision of FA with the carrier leading to reaction and thus to transport of FA is (5) p. e-ERT and the number of expected fruitful collisions in the case of negligible binding time is (6) p .e/IRT * kf * fe All these collisions lead to reaction and thus to transport of FA if the interaction time between the carrier and FA is negligible. However, the experimental data available so far indicate that the time for the binding of FA to the carrier (time necessary for FA transport by the carrier) is not negligible. Therefore, the carrier has to be considered to be in either free or occupied states. Collisions of FA only with the free carrier can lead to reaction. As described previously,9 in the case of finite expected transport time (mT), the expected number of collisions leading to reaction of FA with one carrier can be described by (7) mT+m, Prence of Nai (15) +(const/NAV) eU/RT nu nc Since 1/mT=const e-URT is the maximal number of transport events performed by one carrier and nu * 1 * n, is the average number of carriers in a gram of tissue, then the term (const/NAv) * e-U/RT* nu * l -n, corresponds to the maximal influx velocity. We express it as Vm,. As discussed previously,9 the term (const/NAv) * e-U/RT* n, / (pe E-/IT) is a quantity corresponding to a value known in classical enzyme kinetics as the Michaelis-Menten constant. Accordingly, we express it as Km; ie, Equation 15 can be written as follows: (16) (Fig 3) . We assume that uptake rates equal influx rates, because efflux of nonmetabolized FA from normal myocardial tissue can be neglected. 32 The relation in Equation 15 indicates that the FA influx rate into myocardium is a function of myocardial temperature and that at constant temperature the influx rate is a linear function of ln(1-vi/a). We rearranged Km and Vmax as follows: (20) Km=Km37 e(ERT E/R -310) . e(-URT+U/R -310) and (21) =V . e(-U/RT+UJR 310) max max-37
Thus, the FA influx rate is an implicitly given function of the amount of FA being supplied to a gram of myocardial tissue and of the temperature with parameters Vmax37 Km-37 E, and U. This function was fitted to our data. This fitting indicated that the FA influx into myocardial tissue is a saturable process with Vmax37 being 0.28±0.045 gumol/(g min) and Km37 being 0.26±0.084 gmol/g. The apparent activation energy for binding of FA to the putative carrier was estimated to be 23.8±5.6 kcal/mol, and the free energy for conformational change after binding of the FA to the carrier (U) was 10.9±8.0 kcal/mol. The mean residual sum of squares was 0.000045. As demonstrated in Fig 6, with decreasing myocardial temperature Km increases and Vmax decreases.
The value of Km-37 corresponds closely to the Km value observed in our previous studies in normal myocardium. 9 The value of Vmax-37 is lower than Vmax observed in normal myocardium9 and thus confirms our previous observations performed in patients with coronary artery disease,33 which indicated that, in myocardium frequently exposed to ischemia, the FA influx rate is significantly reduced when compared with normal tissue. This reduction of maximal FA influx rate might be due to either a reduction of the number of putative carriers in the endothelial cell membrane or an alteration of the rate of conformational changes of the carrier (l/MT). Since the FAs are charged molecules, the activation energy for the binding of FA to the carrier has to be considered to consist of thermic and electric fielddependent components. To obtain an estimate of the electric field-dependent component of the activation energy, we first considered the data obtained by Weisiger et al. ' Weisiger et all studied the dependence of oleate uptake on the potential difference between plasma and cytosol in the isolated perfused rat liver. Since the potential difference, determined by Weisiger et al, corresponds to the difference in the electrical potentials between the two aqueous phases distant from the inner and outer membrane surfaces, we assumed that in the first approximation it can be considered as a measure for A@ (see Equation 19 ).
Weisiger et all have also demonstrated that the depolarization of cells from -29 (control value) to -18.6 mV by substituting gluconate for chloride in the perfusion medium reduced the steady-state oleate uptake by 34% (extraction, by 40%). Conversely, hyperpolarization of cells to -52.2 mV by substituting nitrate for chloride increased uptake by 41% (extraction, by 54%). These experiments indicate that the transmembrane potential difference significantly influences the movement of FA from plasma into tissue.
To determine the electric field-dependent component of activation energy from the data of Weisiger (27) . e+(Eo+azFA$o)/RTo
Since the experiments of Weisiger et all were carried out at constant temperature (T=To), Equation 27 can be rearranged as follows: (28) As can be seen in Fig 7, the value of ln[-ln(1-EF)] in this case corresponds closely to the value expected at zero membrane potential. This suggests that the influx rate, observed in the case that Li+, K+, or choline is substituted for Na+, corresponds closely to the influx rate expected for the noncharged substrate.
One of the possible explanations for these observations is that, because of the resonance of the free electrons of oxygens in the carboxyl group, the nondissociated FA may form a mesomeric structure in which the negative charge is subdivided between both oxygens in the carboxyl group (see Fig 8) .37-39 Therefore, a complex formation between the nondissociated FA and Na+ (similar to the formation on calcium-FA complexes) can be expected. We expect that, in analogy to the formation of the hydronium ion, the Na+ ion also exhibits a tendency to incorporate into the molecular orbitals of the nondissociated carboxyl group of FA.39
Since the substitution of Li+, K+, or choline for Na+ leads to nonproportional reduction of the FA influx rate, it has to be concluded that only Na+ has the necessary charge density and fulfills the steric conditions needed for the transition-state complex ring conformation mentioned above (see Fig 8) . In the absence of Na+, the nondissociated FA would behave as a neutral molecule, and the influx rate would correspond to a transport at zero potential difference.
According to Sorrentino et al,40 the presence of oleate did not modify the basal 23Na' uptake into the hepatocytes. These results suggest that, during the collision of the FA-Na+ complex with the carrier, Na4 might be released from the complex and remain in plasma. On the basis of these findings, we expect that the collision of FA (having sufficient activation energy) with the carrier occurs just before the binding of FA to the carrier, which not only dehydrates the FA molecule but also releases Na4 and probably H4 from the complex. The binding of the negatively charged FA to the carrier changes its dipole moment and thus initiates the transport across the cellular membrane.
Since the rate of the conformational changes of the carrier is expected to be influenced by the transmembrane potential, this model would postulate transmembrane-dependent changes of maximal transport velocity.
To study the effects of the electric field on the rate of conformational change, we determined FA influx rates in short cultured hepatocytes in the presence and absence of Na+. As described in the Appendix, in cell culture the FA influx rate can be described by the following relation: The data obtained in this study thus indicate that the FA influx into myocardial or hepatic tissue is a complex function of temperature, transmembrane potential, conformational energy of the carrier, activation energy for binding of FA to the carrier, and the amount of FAs supplied to a gram of tissue per unit of time.
energy (E0) but also by the energy provided to the molecules by the electric field (azFAqfo). Under these conditions, the rate of successful collisions is given by p e-(E0+azFto)/RT . kf. If it is furthermore assumed that, after formation of an FA-carrier complex, the carrier spontaneously changes its conformation and thus finally leads to the transport of FA across the cell membrane and that the rate of the conformation changes, which is an exponential function of the free energy of conformation thermic component (U0) and of transmembrane potential (pAq,/M), ie, const* eTUIo+p4WM)/RT, is proportional to the reciprocal of transport time (h/MT), then the relation39 can be written as follows: (const/NAv). n . e-(U+±M)T cf ( ) i (const/NAv) * e-(UO+AAM)fRT/(p . e-(+azFAO4RT+C where vi is the initial uptake rate and cf is the FA concentration in the incubation medium.
This relation corresponds to the standard Michaelis-Menten relation.23 Similar to the Michaelis-Menten relation, it describes solely the initial value of the FA influx during the initial time interval in which the changes of FA concentration in the incubation medium and the efflux of FA from the cell can be neglected.
